Leptin, an adipocyte hormone, is a trophic factor for the reproductive system; however, it is still unknown whether there is a dynamic relation between fluctuations in circulating leptin and hypothalamic-pituitary-ovarian (HPO) axis hormones. To test the hypothesis that fluctuations in plasma leptin concentrations are related to the levels of luteinizing hormone (LH) and estradiol, we sampled plasma from six healthy women every 7 min for 24 h during days 8-11 of the menstrual cycle. Cross-correlation analysis throughout the 24-h cycle revealed a relation between release patterns of leptin and LH, with a lag of 42-84 min but no significant cross-correlation between LH and estradiol. The ultradian fluctuations in leptin levels showed pattern synchrony with those of both LH and estradiol as determined by cross-approximate entropy (crossApEn). At night, as leptin levels rose to their peak, the pulsatility profiles of LH changed significantly and became synchronous with those of leptin. LH pulses were fewer, of longer duration, higher amplitude, and larger area than during the day. Moreover, the synchronicity of LH and leptin occurred late at night, at which time estradiol and leptin also exhibited significantly stronger pattern coupling than during the day. We propose that leptin may regulate the minute-to-minute oscillations in the levels of LH and estradiol, and that the nocturnal rise in leptin may determine the change in nocturnal LH profile in the mid-to-late follicular phase that precedes ovulation. This may explain the disruption of hypothalamic-pituitary-ovarian function that is characteristic of states of low leptin release, such as anorexia nervosa and cachexia.
Leptin, the hormonal product of the OB gene (1) , is a signal of nutritional status. High leptin levels in mice not only cause weight loss, by suppressing food intake and increasing motor activity, energy metabolism, oxygen consumption, and body temperature (2-4), but also stimulate reproduction. Administration of exogenous leptin to immature animals accelerates the onset of puberty (5, 6) . In adult animals, leptin administration corrects the sterility defect in homozygous obese female mice (7) and corrects hypogonadism in mice starved for 2 days, without affecting body weight (8) . In ad libitum-fed, but not in food-deprived, animals, leptin facilitates female sexual behavior (9) . Leptin treatment of ob͞ob female mice for 2 weeks causes elevations of serum levels of LH, increases in ovarian and uterine weights and in total ovarian follicle number as well as primary and Graafian follicles, and increases in uterine cross-sectional area, epithelial height, endometrial area, and glandular areas; in ob͞ob males, 2 weeks of leptin treatment results in a rise in serum levels of follicle-stimulating hormone, as well as augmentation in the weights of the testes and seminal vesicles, associated with increases in the epithelial height of the seminal vesicles (10) . In humans, increases in plasma leptin concentrations seem to be associated with the onset of puberty in boys. Mantzoros et al. (11) found that leptin levels rose by Ϸ50% before the onset of puberty in healthy boys and decreased to baseline values after the initiation of puberty, remaining stable for extended periods; those changes occurred despite constantly increasing body mass index (11) . In persons with anorexia nervosa, low leptin levels may contribute to the amenorrhea that is characteristic of that disorder (12) (13) (14) .
Leptin acts not only in the hypothalamus (15) , where it can produce rapid synaptic modulatory effects (16) and increased luteinizing hormone-releasing hormone release from medial basal hypothalamic explants (17) , but it also has direct actions on the rat pituitary gland and ovary; in the pituitary, it stimulates luteinizing hormone (LH) and follicle-stimulating hormone release (17) , and in the ovary, it impairs the insulin-like growth factor I-mediated augmentation of follicle-stimulating hormone-stimulated estradiol-17␤ synthesis by granulosa cells (18) . Thus, leptin can affect the hypothalamic-pituitary-gonadal axis by direct actions in the hypothalamus, the pituitary gland, and the gonads.
Even though it is well established that leptin affects reproductive function, studies have not yet elucidated whether leptin is only a necessary trophic factor for the reproductive system or whether the minute-to-minute dynamics of leptin concentrations are associated with hypothalamic-pituitary-ovarian (HPO) function. Our group and others have demonstrated that leptin concentrations in human plasma have ultradian and circadian fluctuations (19) (20) (21) . Because the hormones of the HPO axis exhibit striking pulsatility, we designed a study to examine the hypothesis that pulsatile release of leptin, LH, and estradiol exhibit pattern coupling or synchronicity by measuring plasma concentrations of the three hormones every 7 min throughout the 24 h.
concentrations have been reported (21) . Subjects had an average age of 25.5 Ϯ 1.6 years and an average body mass index (calculated as the weight in kilograms divided by the square of the height in meters) of 21.6 Ϯ 1.1 kg͞m 2 . Women with history of psychiatric or medical illness, obesity, smoking, or substance abuse were excluded, as reported. For the 30-day period preceding each study, as well as during the study, no subject was taking prescribed or over-the-counter medications, hormones, or dietary supplements.
Subjects were acclimated to a research bed in the National Institutes of Health Clinical Center for 48 h before the study. We collected blood via an indwelling catheter that was inserted during the previous evening; samples were withdrawn every 7 min for 1442 min, yielding a total of 207 samples per subject, starting at 08:00 h. Clinical research protocol and diet are described in ref. 21 . Subjects were exposed to light from 07:00-23:00 h and were studied in bed, in the dark from 23:00-07:00 h, during which time they slept. Sleep was monitored by the NightCap apparatus (Healthdyne Technologies, Marietta, GA) (22, 23) . To maintain their level of physical activity at a comparable baseline, on the day of blood collection, subjects were allowed only to walk from their beds to the bathroom and to an adjacent hospital dayroom.
Hormone Assays. Total human leptin was measured by radioimmunoassay as described (21) . LH was measured by radioimmunoassay (Nichols Institute, San Juan Capistrano, CA), and the sensitivity of the assay was 0.1 units͞liter (Second International Reference Preparation); intra-assay CV was 2.6% and inter-assay CV was 5.4%. Estradiol was measured by radioimmunoassay (Diagnostic Products Corporation, Los Angeles). The sensitivity of the assay was 8 pg͞ml; intra-assay CV was 7.0% and inter-assay CV was 8.1%.
To estimate an index of experimental within-assay variation, leptin was measured from one pool of blood 207 times, providing a series of replicates with the same length as the experimental series obtained from the study subjects.
Pulse Analysis: CLUSTER. To assess possible changes in plasma LH, leptin, and estradiol concentration pulse parameters during daytime (08:00-17:00 h, which is characterized by lower leptin levels) and nighttime (23:00-08:00 h, which is characterized by higher leptin levels), we used CLUSTER (24) , a computerized pulse analysis algorithm to identify statistically significant pulses in relation to measurement error in each hormone time series. The use of this program has been described (21) . Measurement error (within sample variance) for the 207 replicated samples in each series was modeled as a power function of sample concentration. Significantly increased or decreased hormone concentrations (peak margins) were judged by pooled t statistics, which were applied to moving test nadirs and peak clusters that began with the onset of the experimental series and traversed all points. We identified the following mean properties of pulsatile hormone concentrations: pulse frequency (number of significant peaks͞24 h), interpeak interval (time separating consecutive peak maxima), pulse duration in min, pulse height (maximal hormone concentration in a peak), pulse height as percentage increase over preceding baseline (100% corresponds to preceding baseline), pulse area, and largest increase (increment) above pre-peak basal or nadir.
Cross-Correlation Analysis. Cross-correlation was calculated after lagging the concentration time series of one hormone relative to the concentration time series of another hormone. Cross-correlation was carried out at variable lags, which are the times in minutes separating consecutive samples in the paired hormone series of interest. Significant cross-correlation values for the group of six subjects at any particular lag were tested against the null hypothesis of purely random associations via the onesample Kolmogorov-Smirnov statistic applied to the z-scoretransformed r values, assuming that uncorrelated data show a unit normal z-score distribution with 0 mean.
Approximate Entropy (ApEn) and Cross-ApEn. ApEn is a scale-and translation-invariant and model-independent regularity statistic developed to quantify the orderliness of sequential measures (25, 26) , such as hormonal time series. Larger ApEn values correspond to greater randomness (irregularity). Technically, ApEn measures the logarithmic likelihood that runs of patterns that are similar remain so on next incremental comparison. The basic derivation and calculation of ApEn have been presented (27, 28) . Two input parameters, m (window or vector length) and r (tolerance or threshold), must FIG. 1. Frequently sampled (every 7 min), 24-h profiles of plasma leptin, LH, and estradiol concentrations in six healthy women. Note in all subjects a nocturnal rise in plasma leptin concentrations and a change in LH pulse patterns from high frequency-low amplitude during the day to low frequency-high amplitude at night. (28) (29) (30) (31) . Mathematically stated, the ApEn application with m ϭ 1 is said to estimate the rate of entropy for a first-order (m ϭ 1) approximating Markov chain to the underlying true process. In choosing the r input parameter (tolerance) in ApEn as a fixed percentage of the SD of each data set, we normalized ApEn for each profile. This so-called normalized ApEn is both translation-and scale-invariant (27) . This point is important when different absolute hormone levels are expected, as they were here.
ApEn is stable to small changes in noise characteristics and infrequent albeit significant outliers (25, 31) . This statistic evaluates a variety of dominant and subordinate patterns in the data; for example, ApEn can detect and quantify changes in underlying regularity of hormone release that are not necessarily reflected in changes in peak frequency or amplitude (31) . ApEn identifies consistency of point-by-point variations in the data, rather than macroscopic patterns or diurnal trends. Indeed, the latter are removed by first-differencing of the data. Additionally, ApEn provides a barometer of feedback changes in many coupled systems (31, 32) .
ApEn is a family of statistics, which individually provides a relative, not absolute, measure of process regularity. ApEn thus can show significant variation in absolute value with changing m or r input parameters, N (data series length), and͞or noise characteristics (experimental variability) (28) . Because ApEn generally will increase with increasing N and noise (and, hence, increasing intra-assay CV), it is important to compare data sets with similar Ns and assay CVs, as we do here. Thus, day-night ApEn comparisons were both restricted to fixed windows of time (08:00-17:00 h and 23:00-08:00 h). Technical and statistical properties of ApEn, including socalled mesh interplay, relative consistency of (m, r) pair choices, asymptotic normality under general assumptions, statistical bias, and error estimation for general processes are discussed elsewhere (33) . To compare observed ApEn measures with those expected on the basis of purely chance patterns occurring within the estradiol, LH, or leptin profiles, each hormone time series was shuffled 1,000 times to produce randomly assigned sample sequences. The resultant so-called random ApEn values were assumed to reflect assay and sampling noise without true biological rhythmicity. Hence, the ratio of random-to-observed ApEn, given the calculated SD of this ratio for 1,000 simulations in each series, monitors the extent of significantly nonrandom regularity structure or patterning in the data.
To evaluate relative regularity of LH and estradiol, LH and leptin, and estradiol and leptin concentrations, we used the cross-approximate entropy statistic (cross-ApEn). This measure quantifies the conditional regularity or synchrony of point-by-point variations across two time series. It is distinct from cross-correlation analysis because cross-ApEn is independent of lag. This issue is discussed in detail by Pincus et al. (34) . In particular, cross-ApEn measures the relative pattern orderliness of two data series, with lower absolute cross-ApEn values denoting greater conditional regularity or synchronicity. Cross-ApEn is calculated following z-score transformation of both data series but otherwise captures the same combinatorial structure as ApEn. The detailed technical description of cross-ApEn is given further elsewhere (28, 35) .
Comparisons were made by using Student's t test or ANOVA. When multiple comparisons were made a protected value of P Ͻ 0.01 was used to determine statistical significance. 
RESULTS
The pattern of plasma leptin over the 24 h was similar in all six subjects ( Fig. 1 ) and is illustrated in more detail in one subject (subject 2) (Fig. 2) . The nadir was reached either at the beginning or just after the onset of sampling at 08:00 h ( Fig. 1; Table 1 ). After this point, values rose to a peak in all subjects, which was reached between 01:00 and 02:00 h. In the case of LH (Figs. 1 and 2) , the patterns were different in that a rise occurred in subjects 1, 3, and 6, reaching a peak at 20:00-21:00 h. In the other three subjects, LH values either did not rise or actually decreased over this time (in subject 5). All subjects showed a change in the pattern of pulsatile LH release from a rapid, low pulse amplitude pattern to a slow, high pulse amplitude pattern, which commenced between 01:00 and 02:00 h at the time that leptin values reached the peak in each subject.
Further statistical analysis revealed that LH, but not estradiol, pulse parameters were significantly different during daytime (08:00-17:00 h) when leptin levels were lower, compared with late at night (23:00-08:00 h) when leptin levels were higher (Table 1 ; Fig. 1 ). In all subjects, the nocturnal rise in leptin was associated with significant changes in the profile of LH pulses from more frequent, shorter pulses of smaller area during the day to pulses during the night that were half as frequent and twice as wide (representing twice as large a percentage increase in LH levels) and that had a fourfold increase in pulse area. This change in LH pulse patterns near the nocturnal peak in leptin levels was observed in all subjects studied (Table 1) .
There were no consistent changes in estradiol pulsatility parameters during the nighttime compared with daytime in this group of six subjects. However, when differences in daytime or the nighttime mean concentrations of estradiol were compared within each subject, we found highly significant differences in day vs. night estradiol concentrations in four of six subjects (Table 2) . Of interest, two of those four subjects had decreases in estradiol levels at night and two had increases in estradiol levels at night. The individuals whose estradiol concentrations decreased at night had daytime levels of the steroid under 25 pg͞ml, and those whose estradiol levels increased at night had day estradiol levels over 25 pg͞ml.
Synchronicity among leptin, LH, and estradiol time series was assessed independently by cross-correlation analysis and by crossApEn. We found statistically significant cross-correlation values between leptin and LH for this group of six female subjects, with a group P Ͻ 0.02. For the cross-correlation of LH and leptin, the association between LH and leptin was inverse at a lag of Ϫ42-84 min; namely, LH increases tended to follow significantly leptin decreases by 42-84 min (and conversely, LH decreases tended to follow leptin increases by 42-84 min), to a significantly nonrandom degree in the group of six subjects considered as a whole. An analysis by time of day showed that the cross-correlation between the leptin and LH hormone series could be explained solely by the nighttime correlation between these two hormones. Thus, as leptin levels rose at night, leptin pulsatility changed from high frequencylow amplitude to low frequency-high amplitude and became statistically significantly correlated with LH. The cross-correlation between plasma leptin and estradiol and between plasma LH and estradiol concentrations was not significant at any lag across an interval of Ϫ150 through ϩ150 min for the group of six subjects studied at nighttime, daytime, or throughout the 24-h period.
In our subjects, all individual leptin, LH, and estradiol release profiles had a statistical structure that was significantly different from random. ApEn calculated from random time series obtained after shuffling the three types of data series 1,000 times was 1.900 Ϯ 0.038: In the 6 subjects studied, with a total of 1,242 measurements per hormone, the mean ApEn of leptin was 1.362 Ϯ 0.078; the ApEn of LH was 1.204 Ϯ 0.098, and the ApEn of estradiol was 1.661 Ϯ 0.111. When we estimated ApEn for these three hormones, LH varied significantly over the course of the day, with the highest organization at night. Leptin tended to follow this pattern, but with less pronounced differences between different 95 (1998) times of the day. There were no differences in the level of organization of estradiol throughout the 24-h period.
To independently assess pattern synchronicity between leptin, LH, and estradiol, we calculated cross-ApEn for leptin-LH, leptin-estradiol, and LH-estradiol (Fig. 3) . The mean random crossApEn had a value of 2.264 Ϯ 0.042, which is a global random cross-ApEn that is anticipated when hormone pairs are completely unrelated by way of patterned consistency or synchrony. The cross-ApEn of LH-estradiol was not different from the mean random cross-ApEn, supporting the lack of cross-correlation in these women at this phase of the menstrual cycle (days [8] [9] [10] [11] . In contrast, the significantly reduced (nonrandom) cross-ApEn values between leptin and LH (1.673 Ϯ 0.089) and between leptin and estradiol (1.893 Ϯ 0.108) indicate that there is synchronicity or pattern coupling between leptin and LH and between leptin and estradiol. When we compared daytime and nighttime patterns, we found that the cross-ApEn of LH and leptin exhibited significantly higher pattern coupling at nighttime compared with daytime (1.83 Ϯ 0.03 vs. 1.52 Ϯ 0.06, P Ͻ 0.05) and that the correlation observed between these two hormones occurred only at night. This was confirmed further by a separate analysis of cross-ApEn in four 6-h intervals (08:00-14:00 h, 14:00-20:00 h, 20:00-02:00 h, and 02:00-08:00 h), showing that the cross-ApEn for leptin vs. LH varies significantly (P ϭ 0.024 by ANOVA), with significantly increased orderliness in the 20:00-02:00 h and 02:00-08:00 h periods. This pattern was similar to that seen for cross-ApEn of leptin͞estradiol (P ϭ 0.0039) across the four windows of time, with a significantly lower cross-ApEn (more orderly pattern synchrony) at night. There were no significant group differences between the synchronicity of leptin and estradiol at night compared with daytime.
DISCUSSION
In an intensively sampled group of six healthy women, studied in the mid-to-late follicular phase of the menstrual cycle (days 8-11), we found by determination of ApEn that rapidly sampled plasma concentrations of leptin and LH have ultradian release patterns with quantifiable levels of orderliness that are significantly different from random. We demonstrated previously that frequent sampling at 7-min intervals best characterizes the ultradian pattern of leptin fluctuations (21) . By using two independent methods to assess temporal linkages, cross-correlation analysis and determination of cross-ApEn, we demonstrated in our subjects synchronicity or pattern coupling between leptin and LH. Additionally, by cross-ApEn, we showed lag-and scale-independent pattern coupling of leptin and estradiol that was also significantly lower (more orderly synchrony pattern) at night. In the phase of the menstrual cycle in which this group of healthy young women was studied, we could not in contrast detect significant nonrandom crosscorrelation or cross-ApEn values for LH and estradiol. Moreover, we found that, in this phase of the menstrual cycle, in all subjects, the nocturnal rise in plasma leptin levels was associated with a profound change in the pattern of LH pulses from rapid and smaller pulses during the day to fewer, longer, and incrementally higher pulses of a fourfold larger area at the time of the nocturnal rise of leptin.
Even though some individuals, such as subjects 2 and 5, exhibited clear changes in estradiol pulsatility patterns at nighttime (Fig. 1) , there were no consistent changes in estradiol pulsatility parameters at nighttime for this group of women as a whole. This might be due to individual variability, limited sample size, or phase of the menstrual cycle. However, when we looked at daytime vs. nighttime differences in mean estradiol concentration with each individual subject, we found highly significant changes in nighttime estradiol concentrations in four of six subjects. Of interest, the subjects whose estradiol concentrations decreased at night had mean daytime estradiol concentrations under 25 pg͞ml, and those whose estradiol concentrations increased at night had mean estradiol daytime concentrations over 25 pg͞ml. The hypothesis that the effects of the nocturnal rise of leptin on estradiol depend on a threshold effect of baseline estradiol concentrations should be tested. Further studies are warranted to determine whether the nocturnal rise in leptin levels is associated temporally with alterations in estradiol concentration pulsatility parameters. A key point must be addressed in future studies: In addition to group analyses, data must be assessed individually in each patient. In this study, because two patients had highly significant decreased and two subjects had highly significant increased nighttime estradiol, averaging out the values for the whole group would mask completely these differences.
It long has been known that a certain level of nutritional status is required for normal functioning of the reproductive axis. Frisch (36, 37) proposed the critical weight hypothesis, according to which a certain level of body weight is required for the onset of puberty. However, when starved rats are rapidly fed, they reach puberty before attaining their ''critical'' weight (38) . Amenorrhea and loss of reproductive function are such prominent features of conditions characterized by low body weight that amenorrhea is the only neuroendocrine defect that is required for the diagnosis of a psychiatric disorder, namely anorexia nervosa (39) . More recently, the studies of Chehab et al. (6) and Ahima et al. (5) have shown that leptin acts as a hormonal signal that conveys biologic information from fat tissue to the reproductive axis; those investigators showed that leptin treatment accelerates the onset of puberty in mice.
In humans, during conditions of starvation, such as anorexia nervosa, leptin levels fall and rise during the refeeding process (12, 13) . Moreover, Köpp et al. (40) have found that fasting leptin levels are a better predictor of menstrual function than body mass index, fat mass, or percentage body fat. In that study, the critical level of leptin that predicted lifetime occurrence of amenorrhea was in the range of 1.85 g L
Ϫ1
. The authors concluded that a critical blood leptin concentration was needed to maintain menstruation. Low leptin concentrations are associated with specific behaviors. In underweight women, low leptin levels are correlated with restrained eating behavior (41, 42) . On the other hand, genetically determined leptin deficiency in humans results in increased food intake and marked obesity (43) .
Leptin seems to affect reproduction at various levels by modulating reproductive behavior (9) and acting directly in the hypothalamus (16, 17) , pituitary gland (17) , and ovary (18) . Besides serving as a signal of nutritional status to the reproductive system, leptin also is synthesized in the placenta at comparable or greater levels than in adipose tissue; it has been hypothesized that the placenta serves as a source of leptin for the growing fetus, where it may function as a growth factor, possibly signaling nutritional status from mother to fetus (44) (45) (46) .
The role of altered leptin concentrations in the pathophysiology of ovarian disease is currently unclear. There has been controversy in the literature regarding the effects of leptin in polycystic ovary syndrome (PCOS) (47) (48) (49) (50) .
The nocturnal change in follicular phase LH levels was first observed by Kapen et al. (51) who noted a change of LH levels at nighttime, which they subsequently attributed to the sleep cycle (52) . Additional studies by other investigators further characterized the changes in LH pulsatility that occur at night during the follicular phase of the menstrual cycle (53) (54) (55) . Because naloxone infusion has been shown to prevent the sleep-associated decrease in LH pulse frequency, a role for an opioidergic mechanism has been proposed for that decrease in LH pulse frequency (56) .
In the present study, nocturnal changes in LH pulse parameters were associated temporally with the rise of plasma concentrations of leptin at night. The fluctuations of plasma leptin concentrations were synchronous with those of LH and estradiol, and the pattern of synchrony of leptin͞LH and leptin͞estradiol was more orderly at night. As leptin levels rose at night, LH pulsatility significantly changed from low amplitude and high frequency to high amplitude and low frequency and became synchronous with leptin. We suggest that the nocturnal rise in leptin concentrations may contribute to the nighttime changes in LH pulsatility patterns that we observe in the mid-to-late follicular phase of the menstrual cycle, preceding ovulation.
In our study using frequently sampled, 24-h leptin release profiles, we showed that leptin levels exhibit synchronicity or pattern coupling with LH, as assessed by two independent methods. The synchronicity of leptin and estradiol was observed only by assessment of cross-ApEn. This result highlights the need for scaleand lag-independent assessments of hormonal time series that can reveal pattern coupling that might not be evidenced by lagdependent cross correlation analysis (34) . The mechanisms for such pattern coupling of leptin, LH, and estradiol are not yet elucidated and might involve direct actions of leptin in the central nervous system, pituitary, and͞or ovary. Indeed, in the ovariectomized rat, the response to intraventricular leptin is related to the plasma estradiol concentration. A rapid stimulation of LH release only occurred when the animals had received an injection of 10 g of estradiol benzoate 72 h before, whereas after a 50-g dose, LH release was inhibited. These effects probably were mediated by altered luteinizing hormone-releasing hormone release (ref. 17; A. Walczewska and S.M.M., unpublished data).
Additionally, the nocturnal increase in leptin levels was associated temporally with a profound change in LH pulse parameters. We propose that leptin is not only a trophic factor for the reproductive system but that the pulse patterns as well as absolute concentrations of leptin may organize the optimal minute-tominute functioning of the HPO axis. Such a close association among leptin, LH, and estradiol may be of importance for reproduction and provides an additional level of communication between nutritional status and episodic activity of the reproductive axis. Our findings might contribute to explain the disruption of HPO function that is present in states of low leptin production, such as anorexia nervosa and cachexia. Further studies using agonists and antagonists to leptin receptors should help to test the mechanisms by which alterations in the dynamics of leptin concentrations may affect various levels of HPO axis functioning and reproduction. Comparable studies also will be required in males to evaluate leptin-LH-testosterone synchronicity within the hypothalamic-pituitary-testicular axis, a component of which (LHtestosterone) exhibits altered pattern synchronicity in healthy older males (34) .
